VERMICOMPOST VERSUS TRADITIONAL COMPOST AMENDMENTS LEAD
TO DIFFERENT SOIL HEALTH OUTCOMES IN A MEDITERRANEAN
ORGANIC VINEYARD

A Project Report
presented to
the Faculty of California Polytechnic State University,
San Luis Obispo

In Partial Fulfillment
of the Requirements for the Degree
Master of Science in Environmental Sciences and Management

by
Elizabeth Luck
September 2022

© 2022
Elizabeth Luck
ALL RIGHTS RESERVED
ii

TITLE:

Vermicompost versus Traditional Compost
Amendments Leads to Different Soil
Health Outcomes in a Mediterranean
Vineyard
.

AUTHOR:

DATE SUBMITTED:

PROJECT ADVISOR:

Elizabeth Luck

September 2022

Charlotte Decock, Ph.D., Professor of Soil
Science

iii

ABSTRACT
Vermicompost versus Traditional Compost Amendments Leads to Different Soil Health
Outcomes in a Mediterranean Vineyard
Elizabeth Luck
Compost application has become a common practice in vineyard management to
increase soil and crop health, however, the environmental externalities such as
greenhouse gas emissions (GHG) from cropping systems that utilize organic fertilizers,
such as compost, is uncertain. Vermicompost, which is compost created through the
digestion of organic matter by earthworms, and its related ‘extract’ are commonly
thought to provide more benefits for soil and crop health compared to standard
compost. However, organic fertilizers such as vermicompost, vermicompost extract, and
compost have not been compared in their effects on soil health in Mediterranean
vineyards. In this two-year study, I assessed the effect of vermicompost, vermicompost
extract, and standard compost compared to a non-amended control treatment in their
ability to affect soil health and GHG emissions on a vineyard under organic
management in San Miguel, California. Soil from the under-vine location and mid-row
location was collected and analyzed for soil organic matter (SOM), nutrient
concentrations, and phospholipid fatty acids (PLFAs) as an indicator of microbial
community structure. Additionally, GHG emissions were measured using static flux
chambers in the under-vine location and mid-row location. The objective of this project
is to inform the California Department of Food and Agriculture (CDFA) “Healthy Soils
Program” on the soil amendment that will best increase soil health and decrease GHGs.
Vermicompost increased the soil organic matter (SOM) and soil nitrate (NO3--N)

iv

concentrations, while standard compost increased soil potassium (K) and phosphorus
(P) concentrations compared to the unamended control. There was no major impact of
vermicompost extract on soil organic matter or soil nutrient contents. Microbial
community structure did not experience any consistent shifts with the application of
amendments. In addition, potential negative externalities of organic amendments in the
form of GHGs were found to be negligible. My results demonstrate that different organic
fertilizers lead to different soil health outcomes. Thus, organic fertilizer
recommendations should be guided by a growers’ soil health goals, especially in the
context of plant nutrition.

Keywords: Compost, vermicompost, vineyard, Mediterranean, organic, soil fertility, soil
health, greenhouse gas emissions.
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Chapter 1: INTRODUCTION
Agriculture is responsible for approximately one fifth of global anthropogenic
greenhouse gas (GHG) emissions (Forster et al., 2007) making the sector an important
contributor to climate change (Wallington et al., 2009). More specifically, agriculture
accounts for 78% of the nitrous oxide (N2O) emissions in the United States (EPA,
2007). N2O’ s global-warming potential is not only found to be 273 times greater than
CO2 (US EPA, 2016), it was also identified as the dominant source of stratospheric
ozone depletion of the 21st century (Ravishankara et al., 2009). While the natural
processes of nitrification and denitrification in the soil release N2O (Mosier et al., 1996),
emissions are often exacerbated by agricultural management, particularly with the
addition of nitrogen (N) fertilizer (Halvorson et al., 2010). Furthermore, CO2 emissions
from agriculture are also affected by management; soils, being the largest pools of
terrestrial carbon (C), can be managed to provide a sink for atmospheric CO2
(Stockmann et al., 2013).
Viticulture, the cultivation of wine grapes, is a specific cropping system that
presents an opportunity to serve as a carbon sink. Wine grapes are perennial crops
which have the potential to increase the soil organic carbon stocks to greater degree
compared to annual cropping systems (Carlisle et al., 2010); this is attributed to woody
biomass and the deep root system of grapevine crops (Kroodsma & Field, 2006).
However, typical vineyard management practices such as the application of chemical
fertilizers, pesticides, and herbicides along with the use of mechanical tillage have led to
soil erosion and loss of organic matter (García-Díaz et al., 2016). The wine industry has
recently shown a strong interest in adopting sustainable practices and greenhouse gas
9

reduction, due to the fact that sustainable winemaking can provide benefits to
marketability, cost savings, and corporate image (Santini et al., 2013). One practice
becoming more common in viticulture is the use of compost to increase soil health,
including soil organic carbon (SOC) content, soil organic matter (SOM) content, soil
nutrient concentrations, and biological activity and diversity (Giorgio et al., 2012;
Korboulewsky et al., 2002; Nair & Ngouajio, 2012; Pinamonti, 1998).
The organic matter in compost provides a food source for microbial communities
in the soil. As the labile carbon is decomposed, there is more microbial respiration.
Therefore, increased rates of CO2 occur in soil amended with compost (Brown & Cotton,
2011; Calleja-Cervantes et al., 2015; Peregrina et al., 2012). While some of the carbon
is lost in the process of microbial respiration, some is assimilated into secondary
compounds during microbial decomposition and becomes stabilized in the soil (Liu et
al., 2014; Shahbaz et al., 2017). The rates of conversion of organic matter inputs into
stabilized SOM is dependent upon factors such as climate, soil type, input material, and
soil nutrient status (Kirkby et al., 2013). Vineyard soils in Mediterranean climates are
typically found to have low SOC (Novara et al., 2012) and have high risks for soil
erosion and degradation (Arnaez et al., 2007). However, a recent meta-analysis found
that the addition of organic amendments to vineyard soils had a positive effect on SOC
and C sequestration (Payen et al. 2021). The increase in soil C sequestration
represents the potential for viticultural systems to mitigate climate change. Meanwhile,
the increased microbial activity with the addition of compost triggers the aerobic
nitrification and anerobic denitrification that can release N2O as a byproduct (Verhoeven
et al., 2017). Studies have shown that the addition of organic fertilizers resulted in lower
10

emissions of N2O compared to inorganic fertilizer use, and even no fertilizer use
(Aguilera et al., 2013; Vallejo et al., 2006). On the other hand, Longbottom & Petrie
(2015) found that, in a review of many studies, compost-amended vineyard soils
increased N2O emissions up to 40 times compared to that of the control.
Vermicompost, or the result of compost after digestion by earthworms, could
provide vineyard soils with a physically, biogeochemically, and nutritionally improved
substance compared to that of traditional compost (Cataldo et al., 2021). The digestion
of organic matter sources by earthworms creates casts, or the final vermicompost
product, which have large surface to volume ratios. Because of their large surface to
volume ratio, these casts provide microsites for nutrient retention, nutrient exchange,
and microbial activity (Kumar et al., 2018). When compared to compost, vermicompost
is found to have more total nitrogen (N), increased organic matter, and higher available
nutrient concentrations (Tognetti et al., 2007). Additionally, vermicompost is also a more
stable form of organic matter compared to traditional thermal compost, which can lead
to a slower release of N and therefore less N leaching (Jack & Thies, 2006). Zhao et al.
(2018) found that vermicompost has increased microbial community diversity with
fungal and protozoan biomass being greater than that of traditional compost. In general,
studies comparing vermicompost and compost created from different feedstocks found
differing microbial community structure (Alfreider et al., 2002; Verkhovtseva et al.,
2002). When comparing vermicompost and compost created from the same feed stock,
vermicompost generally has higher fungal diversity (Anastasi et al., 2005; Lazcano et
al., 2008). However, it remains difficult to predict how the application of these
amendments will affect a soil’s microbial community.
11

Further, vermicompost extract is a soil amendment that is created from using a
solid vermicompost that is aerated and soaked for 24 hours (Edwards et al., 2007). The
resulting liquid has been shown to have benefits to plant growth and protection against
pathogens that are comparable to solid vermicompost. This is due to the assumption
that microbes and nutrients are transferred from the casts into the liquid solution,
making nutrients even more available (Ingham, 2005). Compared to solid organic
fertility products, transport and usage of vermicompost extract by fertigation techniques
on vineyards would be more convenient (Edwards et al., 2007). Most research on
vermicompost extract concerns application to plants as a foliar or root feeder, which has
increased different aspects of crop health, including resistance against pathogens,
increased leaf area, and fruit yield (Carling, 2012; El-Shaieny et al., 2022, p.; Yatoo et
al., 2021). However, there is a lack in sufficient peer reviewed literature on
vermicompost extract’s impacts on soil health and related GHG emissions.
The balance between the benefits such as improved soil fertility and C
sequestration versus negative externalities such as the GHG emissions have not been
explored in the context of standard compost, vermicompost and vermicompost extract
application on vineyard soils. To guide management recommendations, a comparison
between the application of compost, vermicompost, and vermicompost extract on
microbial community structure, soil nutrient concentrations, and soil organic matter is
essential. Furthermore, vineyard systems’ GHG emission dynamics are not well
understood in the context of the addition of organic soil amendments (Verhoeven et al.,
2017). Therefore, the objectives of this project were to assess the effect of standard
compost, vermicompost, and a vermicompost extract on soil organic matter, soil nutrient
12

concentrations, microbial community structure and greenhouse gas emissions over a 2year period in an organically management vineyard in San Miguel, California.
I hypothesize that all organic amendments will increase nutrient availability
compared to the control, specifically, that all soil nutrients will raise in congruence with
the nutrient levels in the soil amendments. I expect that vermicompost extract will have
the smallest impact on soil nutrients because the concentration of nutrients is more
diluted in this product compared to traditional compost and vermicompost. Similarly, I
hypothesize that all organic matter inputs will increase soil organic matter compared to
the control. I postulate that soil organic matter will be higher in the soils amended with
vermicompost compared to the soils amended with traditional compost because organic
matter contained in earthworm casts has potential to be more protected from
mineralization compared to the organic matter in traditional compost. I hypothesize that
vermicompost extract will only affect soil organic matter indirectly through its impacts on
plant production, therefore I expect it to result in lower soil organic matter compared to
the applications of vermicompost and compost. With respect to microbial community
structure, I hypothesize that due to the larger surface area to volume ratio of nutrients in
the vermicompost, vermicompost application will lead to more microbial diversity Due to
the coevolution of microorganisms with earthworms and the ability for microorganisms
to be transported through the gut of the earthworm vermicompost has a different
microbial structure compared to a compost. Therefore, I hypothesize that soil amended
with vermicompost will have a different microbial community structure than in the soil
amended with the traditional compost. I hypothesize that there will be less nitrous oxide
emissions from nutrient leaching compared to traditional compost, due to the more
13

stable form of nutrients and organic matter that is present in vermicompost. I further
hypothesize that every treatment will increase both carbon dioxide and nitrous oxide
emissions compared to the control, due to the increase in nutrient levels and cycling
that will occur in the soil. Finally, I hypothesize that the effects of every treatment will be
most prominent in the under the vine location because that is where the different soil
amendments will have been applied.
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Chapter 2: METHODOLOGY
2.1 Field site description
The study was conducted in a commercial wine grape vineyard owned by
Castoro Cellars in San Miguel, California (35°44'23.8"N 120°36'41.7"W). The vineyard
is California Certified Organic Farm (CCOF) and Sustainability-In-practice (SIP)
certified. A Sustainability-in-Practice certification maintains standards for water
management, safe pest management, energy efficiency, and other sustainability
markers (SIPcertified.org, 2022). This vineyard is part of the Paso Robles American
Viticultural Area (AVA). The grape vines in this experiment are a clone 3 Primitivo
varietal, which is a type of Italian Zinfandel, with a 1103P rootstock. Vines were planted
in 2013 on a 26.6 acres block with 8’ x 6’ vine spacing. The soils in the vineyard are
mapped as predominately Arbuckle-Positas complex (Fine-loamy, mixed, thermic Typic
Haploxeralfs) (Soil Survey Staff, 2021). The climate is typical of a Mediterranean climate
that has hot, arid, and dry summers and is classified as Csb based on the Köppen
climate classification (Kottek et al., 2006). The hot season from June to September has
an average high temperature of 88°F and a low of 54°F. The cold season lasts from
November until March with an average low of 37°F and high of 65°F (Geography &
Climate, n.d.).

15

Figure 1. Experimental layout with randomized complete block design at Castoro
Cellars’ Double Black vineyard.
16

The experimental setup of the vineyard is randomized complete block design
with three blocks that are each 8 ac in size, these blocks are labelled A, B, and C (Fig.
2). Aspect, grade, and soil characteristics do not vary significantly from plot to plot.
Varietal and management history are the same between all the blocks. The manager
has been using a grower’s standard of organic dairy manure-based compost at a rate of
4 tons/ac, approximately every three years or at the manager’s discretion. Within each
of the three blocks there are 4, 2-acre, sub-plots comprised of 4 vine rows. Each of the
four sub-plots within each block represents one of 4 treatments. The control (C) plots
did not have any addition of soil amendment. The first treatment was the application of
vermicompost (VC) banded beneath the vines at a rate of 4 tons/ac (9.88 tons/ha) in
year 1 and 2 tons/ac (4.94 tons/ha) in year 2. The next treatment included an
application of organic dairy manure compost, or standard compost (SC), at a rate of 4
tons/ac (9.88 tons/ha) in year 1 and 2 tons/ac (4.94 tons/ha) in year 2. The third
treatment was an application of liquid vermicompost extract (VCE) at a rate of 20 gal/ac
(187.07 L/ha) that was applied through drip irrigation or at the base of the vines using a
sprayer. This third treatment was applied 11/1/19, 5/21/20, 7/30/20, 12/7/20, 5/25/21,
8/4/21, and12/22/21 (Table 1). All other treatments were applied once post-harvest in
the fall, prior to the beginning of the rainy season. Within each of the treatment plots I
identified two functional locations: under the vine and the middle of the row for soil and
gas sampling. All treatments were applied closest to the under-vine location, and all
plots were subject to organic fertilizer (4-3-1 at a rate of 15 gal/acre) application at the
grower’s discretion. Additionally, pest management was the same throughout all
treatments with an organic pesticide being applied when needed.
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Table 1. Amendment application and information.
Name of

Amendment

Rate of

Timing of

Treatment

Added

application

application

Control

none
4T/AC

Post-harvest

Banded under the

Applied 1st

in October

vine

Vermicompost Black
Diamond

Placement method

Vermicompost year, 2 T/Ac
Applied 2nd
year
Standard

Cain Trucking

4T/AC

Post-harvest

Banded under the

Compost

Inc. Organic

Applied 1st

in October

vine

dairy manure

year, 2 T/Ac

compost

Applied 2nd

Post-harvest

Fertigation through

year
Vermicompost Black

Liquid

Extract

Vermicompost in October,

Diamond

the drip irrigation

Vermicompost Extract 20

bloom (May-

system and applied

Extract

Gal/Ac,

June), and

at the base of the

Applied three

verasion

vines using a

times per year (July)
for two years.
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sprayer

The vermicompost and vermicompost extract were produced at the Black
Diamond Facility (35°36'41.8"N 120°36'10.17"W). The process at the Black Diamond
Facility uses pre-composted, screened, separated pasture-grazed dairy cow manure.
After pre-composting, the Eisena fetida species of worms feed on the prepared
compost, which results in the final vermicompost product. The final vermicompost is
then soaked for 24 hours and aerated to create the vermicompost extract. The dairy
compost was produced by Cain Trucking Inc. with organic cow manure as feedstock.
Both standard compost and vermicompost follow standards for pathogen reduction
(Brinton, 2000). The nutrient concentrations of both the vermicompost and the compost
are shown in Table 2.
Table 2. Nutrient Concentrations of the Soil Amendments.
Nutrient Percentage

Vermicompost (made from

Organic Dairy Compost

organic dairy manure)
C:N ratio

12

9.1

pH Value

6.95

9.18

Organic matter (%)

67.1

30.5

Carbon (%)

29.0

14.0

Organic Nitrogen (%)

1.9

1.6

Phosphorus (mg/kg)

3300

7100

Potassium (mg/kg)

10000

29000

Calcium (Ca) (%)

2.6

3.3

Magnesium (Mg) (%)

0.70

1.1

Sodium (Na) (%)

0.31

0.66

Boron (B) (mg/kg)

68

67

Copper (Cu) (mg/kg)

42

44

Iron (Fe) (mg/kg)

6300

12000

Lead (Pb) (mg/kg)

3.6

4.8
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Manganese (Mn) (mg/kg)

200

300

2.2 Soil Sampling
Considering four treatments, two functional locations, the location under the vine
(UV) and in the middle of the drive row (MR), and 3 replications, there was a total of 24
experimental units. In each experimental unit, four soil samples were taken to a depth of
8 inches (20 cm) and composited. Soil samples were taken 9/17/19, 10/20/20, 10/6/21,
and 2/22/22. Soil samples were frozen until they could be shipped to the Ward Lab
based in Kearny, Nebraska for further analysis.
2.3 Soil Analysis
PFLA
Analysis of soil phospholipid fatty acids (PLFA) content was conducted by Ward
Laboratories, inc. (Kearney, NE). The procedure, as outlined in Buyer and Sasser
(2012), used 2 g of lyophilized soil that was extracted using 4 mL of Bligh-Dyer
Extractant (1:2:0.8 vol:vol:vol). This sample was then sonicated for 10 minutes in an
Ultra Sonic Cleaning Bath at room temperature, incubated with end-over-end shaking
for two hours, and then places in a centrifuge for 10 minutes without the vacuum on.
Next, the resulting liquid phase was separated with 1 ml of chloroform and deionized
water. The bottom lipid-containing phase was dried and used for the next steps.
Solid phase extraction (SPE) chromatography was then used to separate lipid
classes in a 96-well plate with 50 mg silica per well. Samples were passed through the
silica gel before washing with 1 mL chloroform and 1 mL acetone and lipids were
dissolved in chloroform. Phospholipids were then eluted with 0.5 mL of 5:5:1
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methanol:chloroform:H20, and dried using the Speed Vac at 70o C for 30 mins and then
37 o C until dry (about 2 hours). The sample was then stored at -20 o C.
Then, 0.2 mL of transesterification reagent was added to the samples to incubate
for 15 minutes at 37 o C. After this 0.4 mL of 0.075 M acetic acid was added and the
samples were extracted twice with 0.4 mL chloroform. The chloroform was then
removed by drying at room temperature for about 45 minutes. The sample was then
redissolved in 75 μL hexane.
Finally, samples were analyzed on a gas chromatograph equipped with an
autosampler, flame ionization detector, and split-splitless inlet(Shumadzu Nexis GC2030, Columbia, MD, USA).

Soil Nutrients and Soil organic matter
Analysis of soil nutrients and soil organic matter was conducted by Ward
Laboratories, Inc. Soil organic matter (SOM) was measured based on loss on ignition.
Electrical conductivity (EC) of the soil is measured using an EC probe on saturated
paste extract (Miller et al., 2013). Soil pH was measured by using a pH meter with glass
electrode in a 1:1 (w:v) ratio soil-water suspension (Richards, 2012). Calcium (Ca),
magnesium (Mg), potassium (K), exchangeable sodium precentage (ESP), and cation
exchange capacity (CEC) were measured in 1N ammonium acetate extracts (Rowell,
2014), which was then analyzed by an iCAP PRO X ICP-OES (Inductively coupled
plasma – optical emission spectrometry) Duo (ThermoFisher Science, United States).
Micronutrients zinc (Zn), iron (Fe), manganese (Mn), and copper (Cu) were extracted
using a DTPA extract (Lindsay & Norvell, 1978) and analyzed on the iCAP PRO X ICP-
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OES. Available Phosphorus content were determined through extraction with 0.5 M
NaHCO3 at pH 8.5 by Olsen’s method (Olsen, 1954) and were also analyzed by the
same ICP. Sulfur was extracted by the Mehlich 3 extract (Mehlich, 1984) and analyzed
on the same ICP. Boron (B) is extracted using 0.02 M Calcium Chloride Dihydrate
(CaCl2), and is then determined using the same ICP at a wavelength of 208.959 nm.
Chloride was extracted using the Mercury (II) Thiocynate method described by Bolton
(1971) and analyzed on the Lachat Instruments QuikChem 8500 Series 2 flow analyzer
(Lachat Instruments, Milwaukee, WI). Nitrate-nitrogen (N) is extracted using a 1N
potassium chloride (Haney et al., 2008) and is analyzed for NO3-N using the same flow
analyzer.

2.4 GHG Sampling
Sampling locations included the under-vine and mid-row location in each plot,
resulting in 24 experimental units. GHG sampling occurred one day prior and three days
post “events” which include the application of the vermicompost, vermicompost extract,
and standard compost, as well as large precipitation and irrigation events that would
trigger a possible flux in greenhouse gas emissions (Verhoeven & Six, 2014). Static flux
chambers were set up in each of the 24 experimental units of the trial. Chamber design
followed USDA GraceNet guidelines (Parkin et al. 2003). The flux chambers consisted
of an anchor that was 5.9 in. in height and inserted into the soil at a depth of 3.94 in.
The caps were 3.94 in. in height and constructed out of 11.81 in. diameter PVC pipe,
attached to a 11.81 in. by 11.81 in. PVC square. Upon chamber deployment, a gas tight
seal between the anchor and the cap was accomplished using tire tube sleeve gaskets.
Static flux chambers were vented to account for pressure differentials, outfitted with a
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septum for gas sampling and thermocouple for recording chamber temperature, and
covered with reflective insulating material to prevent heating of the chamber air.
During sample collection, the chamber cap was attached on top of the PVC anchors
using tire tubes as a seal (Parkin et al., 2012). Next a syringe with a 22-gauge needle
was inserted into the septa carefully. By plunging the syringe, gases inside the chamber
were mixed without adding any air from outside the chamber. Then, a 20 mL sample of
gas was extracted and injected into a pre-evacuated 12 mL vials. Gas sampling was
repeated at 15-, 30-, and 45-minutes following chamber closure, after which chamber
caps were removed from the anchors. Using a total range thermometer, the chamber
temperature was recorded at each sampling time.

2.5 GHG Analysis
Gas samples were transported to the California Polytechnic State University San
Luis Obispo, California, for analysis of CO2 and N2O concentrations on a gas
chromatograph equipped with electron capture detector, flame ionization detector and
methanizer (Shumadzu Nexis GC-2030, Columbia, MD, USA). The detection limit of the
GC was determined using ten sets of six analytical grade standards, which include two
CO2 concentrations (1000 and 10100 ppm) and three N2O concentrations (0.5,1, and 3
ppm). Fluxes of N2O and CO2 were calculated using the ideal gas law to change the gas
concentration from ppm to μmol L-1 which was based on the temperature measured
within the chamber and the chamber headspace concentration. These concentrations
were converted into kg CO2 -C ha-1 day-1 and g N2O -N ha-1 day-1 according to the
chamber volume and surface area. If the difference between the minimum and
maximum concentrations measured were smaller than the detection limit, then the
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fluxes of both gases were set to zero. Linear and non-linear regression were computed
using Microsoft excel. Non-linear regression used the quadratic output of the LINEST
function in Excel, which uses a curve-fitting approach by nonlinear least-squares
regression. Based on the comparison of R2 values for non-linear and linear regressions,
a “best flux” was chosen for each chamber (Verhoeven & Six, 2014). Daily N2O and
CO2 fluxes were used to calculate cumulative CO2 and N2O emissions using trapezoidal
integration of fluxes versus time, assuming that the change of fluxes were linear
between measurement dates.
Cumulative emissions of CO2 and N2O were determined for each project year.
Cumulative emissions were also determined by season. The dry (growing) season was
defined by the months of May through October and the wet (dormant) season was
defined by the months of October through May. During the dormant season a cover
crop was growing in between the vine rows.

2.6 Statistical Analysis
All statistical analyses were conducted in R project (R Development Core Team,
2010) and Rstudio. The effects of the soil amendments (vermicompost, vermicompost
extract, and compost) and functional location (under the vine or middle of the vine row)
on soil organic matter, soil nutrient concentrations, soil microbial groups, and GHG
emissions were assessed using a mixed model ANOVA using the package lmer. I
generated p-values for each effect based on the Satterthwaite approximation using the
package lmerTest (Kuznetsova et al., 2017). For significant effects (p-value <0.05), a
posthoc comparison among means was conducted based on Tukey’s Honest Significant
Test (HSD) using the package ‘predictmeans’ (Zhang et al., 2011). All model fits were
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tested for homogeneity of variance and normal distribution of residuals using the
Shapiro-Wilk and Levene’s test, respectively. Data was transformed to meet
assumptions as needed. Principal component analysis (PCA) was used to assess the
effect of treatments and locations on microbial community structure, using the PLFA
data. This was done using the ‘factoextra’(Kassambra & Mundt, 2016) and
‘devtools’(Wickham et al., 2021) packages in R studio.
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Chapter 3: RESULTS

3.1 Effects on Soil Fertility
Soils were analyzed to assess effects of amendments and location on the
vineyard floor on soil fertility, including SOM, CEC, pH, ESP, EC, macronutrient, and
micronutrient concentrations. In 2020 SOM, which ranged from 1.1% to 1.9%, had a
significant main effect of location (p= 0.005). Specifically, the midrow location had
higher levels of SOM than the under-vine location. Cation exchange capacity, which
ranged from 10-18.2 mmolc kg-1 soil, was significantly impacted by the application of the
amendments (p=0.02). Vermicompost and vermicompost extract treatments resulted in
higher cation exchange capacity compared to the control. However, the impact of
standard compost on cation exchange capacity did not vary significantly from all other
treatments. Further, CEC (p=0.03), pH (p < 0.001), ESP (p < 0.001), and EC (p=0.005)
were shown to have a main effect of location, with higher values in the under-vine
location compared to the midrow (Table 3).
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Table 3. Soil organic matter (SOM, in %), cation exchange capacity (CEC, in mmolc kg-1 soil), pH, exchangeable sodium
percentage (ESP, in %), and electrical conductivity (EC, in dS m-1) for the different amendments in the middle of the row
(MR) and under the vine (UV) location one year after soil amendment (2020). Tukey letter codes to indicate main effects
of location (p < 0.05) are shown in upper case, main effects of treatments are shown in lower case (in a column to the
right of the values) and significant differences associated with treatment by location interactive effects are shown in upper
case after their values.
Treatment

SOM (%)

CEC (mmolc kg-1
soil)
MR
UV
(B)
(A)

MR
(A)

UV
(B)

Control

1.5± 0.2

1.3± 0.2

11.3± 1.1

13.8± 1.3

Vermicompost

1.7± 0.1

1.5± 0.1

15.0± 0.5

1.6± 0.2

1.4± 0.1

1.6± 0.1

1.3± 0.1

Standard
Compost
Vermicompost
extract

pH (-)

ESP (%)

EC (dS m-1)

MR
(B)

UV
(A)

MR
(B)

UV
(A)

MR
(B)

UV
(A)

b

7.2± 0.1

7.8± 0.1

1.0 ± 0.0

4.0 ± 0.6

1.0± 0.1

1.6± 0.2

15.9± 1.4

a

7.3± 0.0

7.6± 0.1

0.7± 0.3

3.0 ± 0.6

1.2± 0.1

1.9± 0.3

14.4± 0.7

16.3± 1.0

ab

7.3± 0.1

7.8± 0.0

0.3± 0.3

4.0 ± 1.2

1.7± 0.4

2.3± 0.4

14.9± 1.2

16.2± 0.7

a

7.3± 0.1

7.9± 0.0

0.7± 0.3

4.3± 0.3

1.3± 0.0

1.6± 0.2
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In 2021, pH (p < 0.001) and EC (p < 0.001) were significantly affected by location
with the under-vine location showing higher values compared to the midrow. With
respect to pH, there was also a significant effect of treatments (p=.008) with the
standard compost resulting in the greatest pH compared to the lowest pH values with
the application of vermicompost, while the control and the vermicompost extract were
not significantly different than the other two treatments. SOM had a significant
interactive effect of location and treatment (p=0.007). With regards to SOM
concentration in the under-vine location, the vermicompost treatment resulted in the
greatest SOM concentrations compared to lowest concentrations with the application of
vermicompost extract and in the control, while the standard compost was not
significantly different from the other treatments. CEC was not significantly impacted by
either location or by treatment (p>.05) in 2021 (Table 4).
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Table 4. Soil organic matter (SOM, in %), cation exchange capacity (CEC, in mmolc kg-1 soil), pH, exchangeable sodium
percentage (ESP, in %), and electrical conductivity (EC, in dS m-1) for the different amendments in the middle of the row
(MR) and under the vine (UV) location two years after soil amendment (2021). Tukey letter codes to indicate main effects
of location (p < 0.05) are shown in upper case, main effects of treatments are shown in lower case (in a column to the
right of the values) and significant differences associated with treatment by location interactive effects are shown in upper
case after their values.
Treatment

Control
Vermicompost
Standard
Compost
Vermicompost
extract

SOM (%)
MR

UV

1.8± 0.1
(A)
1.6± 0.1
(AB)
1.6± 0.1
(AB)
1.6± 0.1
(AB)

1.4± 0.0
(B)
1.8± 0.1
(A)
1.5± 0.1
(AB)
1.3± 0.0
(B)

CEC (mmolc kg-1
soil)
MR
UV

pH (-)

ESP (%)**
UV
(A)
7.8± 0.2

MR

UV

EC
(dS m-1)
MR (B)

ab

1.0± 0.0

4.0± 0.0

1.1± 0.0

2.19± 0.5

13.7± 0.3

16.5± 1.5

MR
(B)
7.3± 0.1

UV (A)

14.0± 0.7

16.9± 1.9

7.3± 0.1

7.6± 0.1

b

1.0± 0.0

3.3± 0.3

1.2± 0.2

1.99± 0.1

14.0± 1.3

17.2± 0.9

7.4± 0.0

8.0± 0.0

a

1.0± 0.0

3.7± 0.3

1.3± 0.1

1.78± 0.2

19.3± 6.7

15.8± 1.9

7.4± 0.1

7.8± 0.1

ab

0.7± 0.3

4.0± 0.6

1.0± 0.0

1.66± 0.2

** Analysis of variance or ESP did not meet assumption of normal distribution of residuals, and no suitable data
transformation could be found
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In 2020, there were no significant main or interactive effect on macronutrients
NO3--N, P, S, and K (p > .05) (Table 5). Soil Ca concentrations, however, were
significantly impacted by soil amendment (p< 0.01), with all amended treatments
showing significantly greater soil calcium concentrations relative to the control.
Additionally, soil magnesium concentrations were found to be significantly greater in the
under-vine location compared to the middle of the row (p < 0.001)(Table 6).
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Table 5. Primary soil macronutrients (Nitrate nitrogen (N, mg kg-1 soil), Olsen phosphorus (P, mg kg-1 soil), and potassium
(K, mg kg-1 soil)) for the different amendments in the middle of the row (MR) and under the vine (UV) location one year
after soil amendment (2020).Tukey letter codes to indicate main effects of location (p < 0.05) are shown in upper case,
main effects of treatments are shown in lower case (in a column to the right of the values) and significant differences
associated with treatment by location interactive effects are shown in upper case after their values.
NO3--N (mg kg-1 soil)

P (mg kg-1 soil)

MR

UV

MR

UV

MR

UV

Control

4.67± 3.77

4.83± 1.90

40.43± 14

25.27± 2

185.67± 21.22

181.33± 11.70

Vermicompost

0.90± 0.12

9.23± 3.08

33.10± 4

35.57± 7

240.0± 26.96

208.67± 2.33

Standard Compost

5.83± 4.78

4.60± 2.15

32.27± 6

38.37± 12

223.0± 29.50

265.67± 53.72

Vermicompost
extract

1.60± 0.85

6.77± 2.25

25.70± 2

24.0± 4

227.0± 21.38

221.33± 17.03

Treatment

31

K (mg kg-1 soil)

Table 6. Secondary soil macronutrients (Sulfate sulfur (S, mg kg-1 soil), calcium (Ca, mg kg-1 soil), and magnesium (Mg,
mg kg-1 soil)) for the different amendments in the middle of the row (MR) and under the vine (UV) location one year after
soil amendment (2020). Tukey letter codes to indicate main effects of location (p < 0.05) are shown in upper case, main
effects of treatments are shown in lower case (in a column to the right of the values) and significant differences associated
with treatment by location interactive effects are shown in upper case after their values.
S (mg kg-1 soil)

Ca (mg kg-1 soil)

MR

UV

MR

UV

Control

57.77± 20

54.0± 11

1872± 175

1916.0± 258

Vermicompost

42.13± 1

78.73± 25

2483± 115

Standard Compost

63.07± 12

89.17± 11

Vermicompost
extract

64.93± 18

58.20± 18

Treatment

Mg (mg kg-1 soil)
MR (B)

UV (A)

b

163.33± 30.60

388.67± 5.55

2340.67± 208

a

232.0± 19.86

381.67± 38.12

2425± 89

2398.67± 145

a

193.0± 22.81

354.67± 56.88

2452± 158

2303.0± 143

a

236.33± 40.34

414.33± 6.44
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In the 2021 nutrient analysis, there was a significant interactive effect of
treatment and location on soil NO3--N (p=0.02), P (p=0.008), and K (p=0.04)
concentrations. With respect to NO3--N concentration in the under-vine location, the
vermicompost treatment was found to have significantly greater concentrations
compared to vermicompost extract and the control, while the standard compost was not
significantly different from any other treatment. Across all treatments, NO3--N
concentrations in the midrow locations were significantly smaller than the under-vine
location (Table 7). The K concentrations were significantly greater in standard compost
application compared to the control in the under-vine location, with the vermicompost
and vermicompost extract not significantly different from either treatment. In the undervine location, the P concentrations were the highest with the application of standard
compost, compared to the lowest values with vermicompost extract and the control. The
vermicompost extract and the control under the vine had similarly low concentrations of
P to all treatments under the midrow location. Both Mg (p=0.0005) and S (p=0.00009)
were found to be significantly impacted by the location, with the under-vine locations
having greater concentration than the midrow location (
Table 8). The Ca concentrations did not have any significant main or interactive
effect (p<.05)
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Table 7. Primary nutrients in the soil (Nitrate nitrogen (N, mg kg-1 soil), Olsen Phosphorus (P,mg kg-1 soil), and Potassium
(K, mg kg-1 soil)) for the different amendments in the middle of the row (MR) and under the vine (UV) location two years
after soil amendment (2021). Tukey letter codes to indicate main effects of location (p < 0.05) are shown in upper case,
main effects of treatments are shown in lower case (in a column to the right of the values) and significant differences
associated with treatment by location interactive effects are shown in upper case after their values.
NO3--N (mg kg-1 soil)

Olsen P (mg kg-1 soil)

K (mg kg-1 soil)

MR

UV

MR

UV

MR

UV

Control

1.47± 0.09 (C)

9.17± 2.04 (B)

17.27± 1.77 (B)

16.70± 0.55 (B)

224.67± 22.04 (AB)

185.33± 15.06 (B)

Vermicompost

1.47± 0.37 (C)

18.20± 3.53 (A)

14.30± 0.25 (B)

22.60± 1.91 (AB)

174.0± 5.69 (B)

254.33± 30.33
(AB)

Standard Compost

1.90± 0.65 (C)

12.30± 2.44 (AB)

16.30± 1.01 (B)

32.03± 4.81 (A)

214.33± 15.19 (AB)

440.33± 44.24 (A)

Vermicompost
extract

1.20± 0.20 (C)

9.50± 0.55 (B)

14.63± 1.65 (B)

17.30± 1.15 (B)

306.67± 125.11 (AB)

217.0± 26.65 (AB)

Treatment
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Table 8. Secondary nutrients in the soil (Sulfur (S, mg kg-1 soil), Calcium (Ca, mg kg-1 soil), and Magnesium (Mg, mg kg-1
soil)) for the different amendments in the middle of the row (MR) and under the vine (UV) location two years after soil
amendment (2021). Tukey letter codes to indicate main effects of location (p < 0.05) are shown in upper case, main
effects of treatments are shown in lower case (in a column to the right of the values) and significant differences associated
with treatment by location interactive effects are shown in upper case after their values.
S (mg kg-1 soil)

Ca (mg kg-1 soil)

MR (B)

UV (A)

MR

UV

MR (B)

UV (A)

Control

61.70± 5

159.17± 43

2215.33± 72

2440.33± 207

227.0± 12.74

378.33± 45.86

Vermicompost

75.93± 11

115.30± 8

2320.0± 101

2471.0± 328

221.67± 30.07

404.0± 23.26

Standard Compost

76.90± 12

110.10± 10

2323.0± 227

2437.0± 135

208.33± 25.78

380.33± 16.25

Vermicompost
extract

56.27± 2

104.80± 18

3209.33± 1105

2351.67± 268

276.67± 103.67

341.67± 62.85

Treatment
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Mg (mg kg-1 soil)

In 2020 the micronutrients Fe (p=0.00009), Mn (p=0.000007), and Cu (p=.00007)
were significantly impacted by location, with greater concentrations in the midrow
location compared to the under-vine location (Table 9, Table 10Error! Reference
source not found.Error! Reference source not found.). Chlorine (p=0.0001) and B (p
< 0.001) were also significantly impacted by location, but the under-vine locations had
higher concentrations compared to the mid-row location. Zn concentrations did not
show a significant main or interactive effect (p > 0.05)
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Table 9. Micronutrients in the soil (Zinc (Zn, mg kg-1 soil), Iron (Fe, mg kg-1 soil), and Manganese (Mn, mg kg-1 soil)) for
the different amendments in the middle of the row (MR) and under the vine (UV) location one year after soil amendment
(2020). Tukey letter codes to indicate main effects of location (p < 0.05) are shown in upper case, main effects of
treatments are shown in lower case (in a column to the right of the values) and significant differences associated with
treatment by location interactive effects are shown in upper case after their values.
Treatment

Zn (mg kg-1 soil)

Fe (mg kg-1 soil)

Control

MR
0.71± 0.06

UV
1.02± 0.26

MR (A)
20.07± 2.45

UV (B)
13.40± 1.70

MR (A)
21.13± 1.71

UV (B)
10.83± 1.37

Vermicompost

0.84± 0.09

0.94± 0.17

16.97± 0.71

13.53± 1.39

24.70± 3.50

14.53± 0.94

Standard Compost

0.84± 0.11

1.03± 0.19

16.57± 1.32

12.43± 0.54

21.40± 1.47

13.63± 2.18

Vermicompost
extract

0.75± 0.07

0.79± 0.17

17.43± 0.83

11.43± 0.82

22.43± 2.12

11.77± 2.47
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Mn (mg kg-1 soil)

Table 10. Micronutrients in the soil (Copper (Cu, mg kg-1 soil), Chloride (Cl, mg kg-1 soil), and Boron (B, mg kg-1 soil)) for
the different amendments in the middle of the row (MR) and under the vine (UV) location one year after soil amendment
(2020). Tukey letter codes to indicate main effects of location (p < 0.05) are shown in upper case, main effects of
treatments are shown in lower case (in a column to the right of the values) and significant differences associated with
treatment by location interactive effects are shown in upper case after their values
Treatment

Cu (mg kg-1 soil)

Cl (mg kg-1 soil)

B (mg kg-1 soil)

MR (A)

UV (B)

MR (B)

UV (A)

MR(B)

UV (A)

Control

0.76± 0.04

0.68± 0.08

9.17± 1.59

35.73± 4.16

0.46± 0.05

1.21± 0.06

Vermicompost

0.83± 0.02

0.63± 0.08

20.23± 3.28

33.20± 8.03

0.60± 0.09

1.17± 0.13

Standard Compost

0.79± 0.08

0.70± 0.06

12.83± 1.63

43.27± 13.68

0.50± 0.01

1.40± 0.07

Vermicompost
extract

0.83± 0.06

0.65± 0.07

13.20± 0.87

32.97± 8.34

0.53± 0.01

1.30± 0.12

38

In 2021, concentrations of micronutrients Fe (p=0.007), Cl (p < 0.001), and B (p <
0.001) were all significantly affected by the location (Table 11,
Table 12). Fe concentrations were found to be higher in the midrow locations
compared to the under-vine location. However, Cl and B were found in greater
concentration in the under-vine location compared to the midrow location. There was a
significant interactive effect between location and treatment with regards to Zn
(p=0.0004), Mn (p=0.003), and in Cu (p=0.03) concentrations. In the under-vine
location, the Zn concentrations were highest in soils amended with standard compost
compared to the lowest Zn concentrations in soils amended with vermicompost extract
and the control. In the midrow location Zn concentrations did not differ between
treatments. Zinc concentrations were greater in the under-vine compared to the midrow
location for the vermicompost and standard compost treatments, but not for the
vermicompost extract and control treatment. For Mn concentrations, there were no
differences between treatments for either location, but the concentration in the control
treatment was greater in the midrow compared to the under-vine location. Further, the
Cu concentrations were significantly greater in the vermicompost compared to the
control treatment in the under-vine location. In the control treatment, the Cu
concentration was significantly greater in the midrow compared to under-vine location.
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Table 11. Micronutrients in the soil (Zinc (Zn, mg kg-1 soil), Iron (Fe, mg kg-1 soil), Manganese (Mn, mg kg-1 soil)) for the
different amendments in the middle of the row (MR) and under the vine (UV) location two years after soil amendment
(2021). Tukey letter codes to indicate main effects of location (p < 0.05) are shown in upper case, main effects of
treatments are shown in lower case (in a column to the right of the values) and significant differences associated with
treatment by location interactive effects are shown in upper case after their values.
Treatment

Zn (mg kg-1 soil)

Fe (mg kg-1 soil)

Mn (mg kg-1 soil)

MR

UV

MR
(A)

UV
(B)

MR

UV

Control

0.76± 0.10 (BC)

0.71± 0.06 (C)

10.93± 1.33

7.27± 2.05

26.43± 4.19 (A)

10.07± 1.64 (B)

Vermicompost

0.57± 0.09 (C)

1.27± 0.13
(AB)

10.47± 1.07

8.80± 1.07

18.60± 2.25 (AB)

22.63± 3.55 (AB)

Standard
Compost

0.77± 0.15 (BC)

1.44± 0.22 (A)

10.40± 1.98

7.23± 0.62

22.87± 3.67 (AB)

14.10± 5.03 (AB)

Vermicompost
extract

0.57± 0.03 (C)

0.64± 0.08 (C)

9.17± 0.18

7.13± 0.99

21.73± 0.87 (AB)

13.47± 1.37 (AB)
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Table 12. Micronutrients in the soil (Copper (Cu, mg kg-1 soil), Chloride (Cl, mg kg-1 soil), Boron (B, mg kg-1 soil)) for the
different amendments in the middle of the row (MR) and under the vine (UV) location two years after soil amendment
(2021). Tukey letter codes to indicate main effects of location (p < 0.05) are shown in upper case, main effects of
treatments are shown in lower case (in a column to the right of the values) and significant differences associated with
treatment by location interactive effects are shown in upper case after their values.
Treatment

Cu (mg kg-1 soil)

Cl (mg kg-1 soil)

B (mg kg-1 soil)

MR

UV

MR
(B)

UV
(A)

MR
(B)

UV
(A)

Control

0.80± 0.02 (A)

0.56± 0.02 (C)

10.17± 0.49

38.97± 4.45

0.58± 0.06

1.51± 0.30

Vermicompost

0.79± 0.02 (A)

0.75± 0.04 (A)

6.33± 0.37

44.0± 6.62

0.44± 0.01

1.44± 0.04

Standard Compost

0.70± 0.03 (ABC)

0.59± 0.05 (BC)

9.63± 0.32

34.10± 3.20

0.56± 0.04

1.58± 0.26

Vermicompost
extract

0.74± 0.03 (AB)

0.65± 0.03 (ABC)

9.27± 1.67

27.53± 3.79

0.50± 0.04

1.38± 0.04
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3.2 Effects on Microbial Community Structure
Principle component analysis was used to identify effects of amendments on
microbial community structure in the midrow and under-vine locations over the years of
the study (Figure 2). Microbial community structure between locations, treatments, and
years revealed that there are a lot of similarities in the structure of microbial
communities in the soil of different treatments, shown by the overlap of 95% confidence
ellipses. The microbial community structure does appear to change over time, however
the effect of treatment or location on these changes is inconclusive. There was one
observable split in the microbial community groups in the midrow locations in 2020 with
the vermicompost extract and vermicompost treatment’s confidence interval separate
from that of the standard compost and the control treatments. Overall, however, there
were not any significant differences in the microbial community group analysis (p>0.05).
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Figure 2. Principal component analysis of PLFA communities extracted between
treatment applications and locations in Fall 2020, Fall 2021, and Spring 2022
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3.3 Effects on Greenhouse Gas Emissions
CO2 and N2O fluxes over the study period for the under-vine and the midrow
locations are shown in a time series over the study period (Figure 3). CO2 emissions
ranged from – 4.6 to 156.9 kg CO2-C ha-1 day-1. N2O emissions ranged from -7.3 to 73.1
g N2O-N ha-1 day-1. Pulses of CO2 and N2O fluxes are typically observed in association
with rain events (Figure 4). Within the cumulative emissions for CO2 and N2O in 20192020 and in 2020-2021, there were no significant impacts of treatments(p>0.05).
However, in both years (2019-2020: p=0.03, 2020-2021: p=0.004) there was a
significant main effect of location on CO2 emissions, with higher emissions in the
midrow location compared to the under-vine location (Figure 5). When analyzing the
cumulative emissions by seasons, there was a significant effect of location on CO2
emissions in both wet (dormant) seasons (Figure 6), with the emissions being higher in
the midrow location compared to the vine-row (2019-2020: p=0.002, 2020-2021: p=
0.003). When analyzing by season, again there were no effects of treatment on both
CO2 and N2O emissions.
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Figure 3. Time series of N2O (g N ha-1 day-1, top panels) and CO2 (kg C ha-1 day-1,
bottom panels) fluxes for the control, standard compost (SC), vermicompost (VC) and
vermicompost extract (VCE) treatments by location (Middle of row left panels, Under
vine right panels), throughout the study period (October 2019- September 2021).
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Figure 4. The cumulative monthly precipitation in Paso Robles over the study period.
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Figure 5. Cumulative emission of N2O in kg N ha-1 year-1 (left panels) and CO2 in Mg C
ha-1 year-1 (right panels) and for 2019-2020 (top panels) and 2020-2021 (bottom
panels). Different uppercase letters indicate significant differences between locations.

46

Figure 6. Cumulative emission of N2O in kg N ha-1 season-1 (top panels) and CO2 in Mg
C ha-1 season-1 (bottom panels) in the wet (dormant) season of 2019-2020 (left), the wet
(dormant) season of 2020-2021 (middle) and the dry (growing) season of 2021 (right).
Different uppercase letters indicate significant differences between
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Chapter 4: DISCUSSION
4.1 SOM
In Fall 2020, one year following the application of soil amendments, there was no
effect of amendment on SOM content, in contrast to my hypothesis. Instead, the middle
of the row had greater SOM compared to the under-vine location. The greater SOM in
the middle of the row was likely due to the long-standing presence of the cover crop
which provided organic matter inputs into the soil (Steenwerth & Belina, 2010). The lack
of effect of amendments on SOM one year following the application of soil amendments
was likely a result of the short duration since treatments were initiated. Several studies
have shown that the implementation of organic amendments on vineyard soils cause an
increase in SOM over longer time periods (Calleja-Cervantes et al., 2015; Gaiotti et al.,
2017; Mugnai et al., 2012). Due to the incremental change in SOM relative to the
background concentration, changes in SOM can take years to be detectable (Pascual et
al., 1999).
However, in contrast to data collected one year following the application of soil
amendments, it was found that vermicompost did increase SOM compared to the
control in the under-vine location after two years of treatment application, while SOM in
the standard compost treatment was not significantly different from the vermicompost or
the control treatment. Many have attributed the digestion of earthworms to the creation
of more stable forms of organic matter (Atiyeh et al., 2000; Bossuyt et al., 2005; Lavelle
& Spain, 2002), which would explain higher concentrations of carbon in vermicompost
and greater increases in SOM following vermicompost application in comparison to
application of an equal amount of standard compost, on a fresh weight basis (Ngo et al.,
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2012). Similarly, Yagi et al. (2003) found that when a vermicompost and a compost
were made from the same feedstock of cow manure that the vermicompost increased
the SOM concentration to a greater degree than the compost.
Vermicompost extract and the control were shown to have the lowest SOM
content in the under-vine location. Contrastingly, El-Shaieny et al. (2022) found that
compost, compost tea, and vermicompost tea all significantly improved SOM when
applied to an onion cropping system, but compost increased SOM in greater degrees
when compared to a compost tea and a vermicompost tea. The greater SOM found in
the soil with the compost application was thought to be due to the greater carbon
content in the original compost compared to the teas. This rationale also explains why
the solid vermicompost and compost treatments increased SOM in my study. Further,
my hypothesis included that vermicompost extract would only be able to impact soil
organic matter indirectly through plant production. However, there wasn’t any significant
impact of any of the treatments on yield (results not shown) which could further explain
the lack of vermicompost extract effects on SOM.
Overall, my results show that vermicompost application increased SOM. While
previous studies have found that a steady rate of compost application has increased
SOM over longer study periods (Calleja-Cervantes et al., 2015; Gaiotti et al., 2017;
Morlat & Chaussod, 2008), my study has shown an increase in SOM with decreasing
rates of organic amendments in the short-term, within two years after the start of
treatment application. These results support flexibility in practice implementation with
respect to the application rate required to increase SOM, which could be especially
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helpful as financial restraints can limit the amount of organic amendments available for
application from year to year (Uematsu & Mishra, 2012).
In the future, to ultimately assess soil carbon sequestration potential of organic
amendments, it is important to consider that SOM is not a sensitive measure of soil
carbon stocks (Sparling, 1992). In addition to SOM, it would be recommended to
measure SOC as well as indicators of mechanisms that drive SOC dynamics such as
permanganate oxidizable carbon (POXC) and mineralizable C (Min C) because they are
more sensitive to management-induced changes and can better highlight soil carbon
sequestration (Hurisso et al., 2016). Further, particulate organic matter (POM) and
mineral associated matter (MAOM) should also be measured because they are good
indicators of soil organic matter’s persistence, formation, and functioning (Lavallee et
al., 2020). Finally, aggregate distribution by size should also be included in future
studies to better conclude how organic amendment application can affect carbon
sequestration in vineyards because it can help to analyze soil organic carbon (SOC)
turn over and stabilization (Six et al., 2000).

4.3 Soil Fertility
In my study, standard soil testing provided insights on the impact of organic
amendments on soil fertility, taking an agronomic perspective. Soil pH was significantly
greater in the under-vine location compared to the middle of the row in 2020.
Differences in pH between locations could be attributed to irrigation water and fertility
inputs applied under the vine and management of the vineyard floor since the
establishment of the vineyard block. In 2021 the compost treatment resulted in the
highest pH values and vermicompost treatment resulted in the lowest pH value which is
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aligned with pH values of these amendments. This is contrary to Martínez et al., (2018)
who found that the applications of both vermicompost and compost reduced the pH in a
similar two-year study on vineyard soil. The feedstock of the vermicompost and
compost applications were made from chicken manure and sawdust, whereas in my
study the amendments were made from only a cattle manure source which could
explain the different findings between studies. Moreover, the baseline pH of the soil was
approximately 7.4, while the compost was 9.18 and vermicompost was a value of 6.95,
which corroborates the hypothesis that the soil fertility metrics would change in
congruence with quality metrics of the amendments.
Further, the EC in both 2020 and 2021 was greater in the under-vine compared
to middle of the row location in my study. Greater EC in the under-vine location is likely
due to input of salts with irrigation water and fertilizer applications after many years of
vineyard management. Prior research has shown increases in EC with the use of
vermicompost (Atiyeh et al., 2000) and the use of compost (Eghball et al., 1996). In my
study, however, organic amendments had no significant effect on soil EC.
In my study it was shown that in the second year, there was an effect of
treatment types on the NO3--N, P, and K of the soil. Nitrate nitrogen was increased the
most in the soil applied with vermicompost, while phosphorus and potassium were
increased the most with the application of the compost, which was reflective of the
hypothesis that nutrients levels in the soil would change in congruence to the
concentrations found in the amendments. This would also explain the lack of effects
from the application of the vermicompost extract on nutrient concentrations, as it is a
more diluted form of nutrients. Further, since small quantities of vermicompost extract

51

are applied through drip irrigation at the base of the vine, there is a chance that
nutrients contained in vermicompost extract were available for crop uptake, but could
not be picked up in nutrient testing of bulk soil. To evaluate the impacts of
vermicompost extract on nutrient availability, vine leaf tissue analysis may be more
sensitive (Carling, 2012).
In comparing the typical nutrient levels between compost and vermicompost
products, Lazcano et al. (2008) found that, with a vermicompost and compost created
from cattle manure, that the nitrogen levels were higher in the vermicompost, and the
phosphorus levels were greater in the compost, which is what was observed in the
original soil amendments used in the study. Similarly, Roy et al. (2010) found that with
the applications of vermicompost, soil nitrate levels increased invariably on many
cropping systems when compared to a compost (both made from a cow dung and plant
residue). Other explanations for the increased level of nitrate specifically in the soil
amended with vermicompost could be due to the idea that vermicompost is more stable
form of organic matter. Therefore, nitrogen immobilization would happen over an
extended period (Jack & Thies, 2006), meaning that more nitrate would be present over
longer periods in the soil. The negligible effect of vermicompost extract on nitrate levels
might be explained by the greater leaching potential, plant uptake of the vermicompost
extract (El-Shaieny et al., 2022, p.), and the small quantity of N applied in this product.
Similarly to Whalen & Chang (2001) and Eghball et al. (1996), my study found
that with the addition of organic matter, from manure sources, there was increased
levels of phosphorus. Increased phosphorus concentrations were observed more
drastically in the under-vine location with the application of compost and vermicompost
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compared to the vermicompost extract and the control, which further emphasizes the
change in soil nutrients in congruence with the amendment nutrient concentrations. Kim
et al. (2011) found that in a study that compared seven livestock manure composts,
phosphorus leaching was positively correlated to the phosphorus levels in the compost
and in the soil originally. Phosphorus levels are a significant factor in management
decisions on the types of organic matter to apply to the soil because as Sharpley et al.
(1994) indicated, the use of composts on soils might result in the P contamination of
surface water. Depending on the needs of an agricultural crop’s P requirements, a
compost may be recommended to increase P while vermicompost may be
recommended to reduce the risk of P leaching and runoff. Potassium levels should also
be considered in management decisions to prevent excessive K buildup, as
concentrations were shown to be the highest with the application of standard compost.
Excessive K buildup has been shown with the application of manure to decrease the
hydraulic conductivity of the soil (Meek et al., 1982) and to inhibit the uptake by plants of
cation nutrients (Xu et al., 2020). Therefore, when considering an application of
compost, K should be monitored to prevent buildup.
With respect to micronutrients, there was greater Fe and Mn concentrations in
the midrow compared to the under-vine location in both study years. Increase in the
concentrations of Fe and Mn is likely due to the chelation of these micronutrients with
the organic matter present in the mid-row location (Mcgourty & Reganold, 2005), which
can be attributed to the cover crop present in this location. Alternatively, uptake of Fe
and Mn by the vine and removal through harvest could have decreased Fe and Mn
concentrations in the under-vine location. In contrast to Fe and Mn, concentrations of
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Mg, Cl, and B were consistently higher in the under-vine location. Irrigation water
supplied under the vine is likely responsible for the increased concentration of these
nutrients. Zn and Cu were significantly affected by treatment in 2021, with Zn being the
highest with the application of standard compost and Cu being the highest with the
amendment of vermicompost. Khedr et al. (2019) found that with the application of
vermicompost and compost there was an increase in copper concentrations, which they
attributed to chelation and complexation. Similarly, Egene et al. (2018) found that with a
compost application there was increased amounts of Zn in the soil, which they attributed
to the formation of soluble organo-metallic complexes that may prevent the adsorption
of metals. In order to suggest the implementation of compost and vermicompost on
cropping systems, metal concentrations in the soil should be monitored.

4.3 Microbial Community Structure Section
Over the course of the study, there were no consistent significant differences in
microbial community structure between different amendments and the two locations.
There was, however, variation in microbial community structure between sampling
times. I had hypothesized that, as was found by (Zhao et al., 2018), the coevolution of
microorganisms with earthworms and the ability for these microorganism to be
transported through the gut of earthworms would lead to a differentiation of microbial
community structure in the soils treated with vermicompost compared to the application
of compost. Based on the same ideology as the nutrient concentrations changing in
congruence with the nutrients in the amendments, I hypothesized that with different
coevolved microorganisms in the vermicompost there would likely be differentiation in
soil microbial communities across different treatments.
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Many studies have seen microbial community shifts within the process of
creating compost and vermicompost. For example, Vivas et al. (2009) found that with
the same feedstock, composting and vermicomposting modified the original microbial
community in a diverse way. Specifically, vermicomposting increased the bacteria
biomass and diversity compared to compost. Vivas et al. (2009) was also limited in only
looking to evaluate bacterial changes and attributed the increased bacteria in
vermicompost compared to compost to the ability of microbes to survive the process in
creating vermicompost whereas in regular compost microorganisms must survive the
heat stage. Other studies also found that vermicomposting created greater diversity of
microbial communities, specifically with higher fungal and protozoan biomass than
traditional compost (Anastasi et al., 2005; Lazcano et al., 2008; Zhao et al., 2018). Aira
et al. (2007) hypothesized that earthworms create more favorable conditions for fungal
growth with their burrowing and Zhao et al. (2018) presented that the aerated condition
caused by this burrowing might also favor protozoan growth. These studies evaluated
the microbial communities in the vermicompost and compost alone, without inferring
their impact on a soil’s microbial community structure.
Doan et al. (2013) found that with the application of vermicompost and a
compost, both made from a buffalo manure, there were positive impacts on the soil
microbial community structure with higher catabolic and bacterial diversity compared to
the control. In the principal component analysis, there was a difference found in the
midrow location in 2020. The control and compost treatments had overlapped microbial
community structure which was separated from that of the vermicompost and
vermicompost extract treatments. However, when I assessed the effect of amendments
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or location on specific microbial communities present in the soil, there were no
consistent patterns over the study period. The changes in soil microbial community
found in Doan et al. (2013) could be attributed to the fact that the experimentation was
in a greenhouse where environmental variables are able to be controlled for, whereas in
my study the environmental factors make it hard to assess the impacts of the treatments
on soil microbial community structure. In Nendel & Reuter (2007), a vineyard study with
the application of different rates of compost, long-term microbial changes were
observed in two of the four vineyard sites which they attributed to successful resilience
of k-strategist microbes in the soil. While in the two vineyards studies without long-term
impacts to soil microbial community, the lack of change was attributed to the k-strategist
microbes in the soil not being triggered by the organic matter source. The lack of
change in the soil’s microbial community structure found in my study, could be similarly
explained by the notion that microbes were not triggered by the organic matter in the
applied amendments.
Moreover, Saison et al. (2006) found that changes in microbial community
structure upon compost application, as measured by PLFA, were not persistent beyond
6-12 months after the amendments were applied. The lack of persistence in microbial
community change was attributed to the fact that the initial change was due to the
organic matter present in the compost that triggered the existing soil microbial
communities, instead of being attributed to the compost-borne microorganisms.
Microbial community change that does not last after 6 to 12 months could explain the
fact that there were no observed changes in microbial community structure observed in
my study, as the PLFA samples were taken at least 6 months after compost application.
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Further, because the type of C is the main factor in determining the type of
microorganisms in the soil (Meidute et al., 2008), the same feedstock of each
amendment might be limiting the difference in the microbial communities found in my
study. Lazcano et al. (2013) found that between a rabbit manure and a vermicompost,
the rabbit manure more greatly increased the microbial biomass. Vermicompost was
thought to have less of an impact on microbial biomass due to the more stable form of
carbon compared to the labile carbon source in rabbit manure. In my study the
difference in form and stability of carbon between the compost and vermicompost might
not be significant enough to observe a change the microbial community structure.
Additionally, Bossio et al. (1998) attributed the significant changes in microbial
community structure between differently managed farming systems (organic, low input,
and conventional) to the amount of organic matter input into the system over time. This
might explain the overall lack of variability in my study because the historical
management of Castoro vineyard included an organic manure compost across all vine
rows.

4.4 GHG Emissions
Originally, I hypothesized that the application of all amendments would increase
GHG emissions compared to the control. Typically, organic matter inputs have been
shown to increase N2O emissions, a result of increased rates of nitrification and
denitrification in the soil (Pelster et al., 2012; Stehfest & Bouwman, 2006). The
increased rates of denitrification in the soil are thought to be attributed to the amount of
easily assimilable C provided in the form of organic amendments; which was shown to
be higher with unprocessed manure applications (Pelster et al., 2012). Overall, lack of
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increase in N2O emissions with all treatments in Castoro vineyard could also be
attributed to the finding that nitrous oxide emissions induced by fertilizers are found to
be lower in arid systems (Decock, 2014). The low rainfall and the subsurface irrigation
on Castoro vineyard could also explain lower rates of nitrous oxide emissions (Suddick
et al., 2011).
Further, the annual cumulative N2O emissions in October 2020- October 2021,
including both the wet and the dry seasons, was found to be 1.46 ± 0.65 kg N2O-N ha-1
year-1; which is in the range of 0.56 ± 0.11 to 3.92 ± 0.65 kg N2O-N ha-1 year-1 that has
been documented in investigations of GHG emissions on California vineyards (Garland
et al., 2014; Verhoeven & Six, 2014). The lack of N2O emissions with amendment
application, in addition to the consistency with annual vineyard emissions from other
California vineyards, suggest that environmental tradeoffs in the form of N2O emissions
from these amendments may be minimal in vineyards.
Similarly, as soil organic matter is added to soil, most of the carbon added is lost
back to the atmosphere, in the form of CO2 through decomposition by soil microbes.
This decomposition informed my hypothesis that with every amendment there would be
an increase in CO2 emissions (Luo et al., 2017). In my study, however, there were no
significant differences found between treatments in CO2 emissions. Calleja-Cervantes
et al., (2015) reported that regardless of CO2 emissions associated with the application
of composts on a vineyard, the SOM was increased. Similarly, my study reflected this
increase in SOM by treatment, while the CO2 emissions seemed to be unaffected by the
amendments. The lack of increase in CO2 emissions upon application of these organic
amendment, facilitates the buildup of SOM which was observed in my study.
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There was, however, a significant impact of location on CO2 emissions in the wet
(dormant) seasons in my study, as well as in the annual cumulative CO2 emissions, with
greater CO2 emissions in the midrow location. This could likely be explained by the
cover crop that was present in this vineyard study. The cover crop, located in the
midrow, was active during the wet (dormant) seasons which would cause increased root
and rhizomicrobial respiration resulting in higher CO2 emissions (Marras et al., 2015).
More specifically, I also expected N2O emissions to be lower with the application
of vermicompost compared to the standard compost. However, my study found no
significant differences in N2O emissions between treatments and locations. Given that
vermicompost is noted as an even more stable organic matter source compared to
compost, due to the slow release of N and subsequent decreases in nutrient leaching
(Jack & Thies, 2006), I hypothesized that vermicompost would significantly decrease
N2O compared to the application of the standard compost. Insignificant differences in
N2O emissions across manure compost application is in line with Calleja-Cervantes et
al. (2015) who reported insignificant differences in N2O emissions following a 13 year
application of sheep manure compost to a vineyard. Contrastingly, application of
vermicompost was found to significantly increase short-term N2O emissions compared
to the control on a paddy soil (Wu et al., 2019). Contrastingly, the lack of effect of
organic amendments on N2O emissions found in my study is likely due to the
Mediterranean climate and vineyard cropping system which are characterized with low
N and water inputs, which typically result in low N2O fluxes (Marín-Martínez et al.,
2021).
In conclusion, no environmental externalities of vermicompost, compost, and
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vermicompost extract treatments in the form of GHG emissions were found which
suggests that any of these amendments can be recommended for similar
Mediterranean vineyards. Further research should be conducted to understand the full
range of the effects organic amendments have on greenhouse gas emissions, along
with the environmental factors that affect them.
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Chapter 5: Conclusion

As climate change continues to intensify, it is imperative that research is able to
provide a better understanding of how to mitigate GHG emissions and improve carbon
sequestration in soils. Sustainable agricultural management in common cropping
systems, such as vineyards, should be investigated in order to provide best
management practices. The objectives of this study were to compare the effects of
vermicompost, vermicompost extract, and compost on the overall soil health, GHG
emissions, and soil microbial community structure in a Mediterranean vineyard.
The results supported the hypothesis that SOM would be the highest with the
application of vermicompost, which is an indicator of the carbon sequestration potential
of vermicompost on vineyard soils. However, to fully assess the carbon sequestration
potential of the organic amendments, more soil characteristics such as POXC, MOAM,
POM, and aggregate distribution should be evaluated. Additionally, soil nutrient
concentrations were found to increase in congruence with nutrient concentrations
present in the amendments corroborating my hypothesis. Specifically, the vermicompost
was seen to increase the soil NO3--N, while the standard compost was seen to increase
soil P and K concentrations. The differentiating impacts of organic amendments on
nutrient concentrations supports the recommendation of different amendments for
different grower objectives. Overall, the results show that the application of the organic
amendments vermicompost, and compost could be useful in increasing the soil health
on vineyards, while having minimal negative environmental tradeoffs in the form of GHG
emissions.
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Furthermore, soil microbial community, as indicated by PLFA analysis, was not
found to have any consistent significant shifts with the applications of each amendment
likely due to the lack of persistence in the microbial communities. Moreover, lack of
effects of vermicompost extract on soil nutrients and GHG emissions is related to the
form of application through the drip irrigation underneath the vine (Carling, 2012),
however, the impacts of this amendment could better understood with leaf tissue
analysis in the future. Vermicompost extract has been shown, in previous research, to
have positive effects on plant growth and health, but it might be useful to apply a solid
compost or vermicompost in conjunction with the extract in order to see effects on soil
nutrient levels that are desired by a grower.
Overall, it can be concluded that different soil amendments should be
recommended for different vineyard management goals. For example, a vermicompost
should be recommended to improve soil nitrate and soil organic matter levels, whereas
a standard compost should be recommended to improve soil phosphorus and
potassium. While no immediate impacts of the organic amendments were found on
GHG emissions, to understand these negative externalities fully cropping systems
should be surveyed over long-time scales of 10-20 years (Nistor et al., 2018). In the
short-term, however, this study highlights that the use of vermicompost, vermicompost
extract, and compost have the potential to increase the sustainability of viticultural
systems and ultimately curb climate change.
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